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ABSTRACT 


The behavior of standing wave accelerator tanks, made 
up of a chain of resonant cavities, is investigated using a coupled 
resonator model. The behavior of the dispersion curve in the 
Vicinity of the operating frequency of the structure is determined, 
It is shown that the shape of the dispersion curve at the TF -mode 
is greatly affected by the presence of losses in the cavities. 


A comparison is made between a coupled cavity chain and a dielectrically 


loaded slow wave structure. 
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Page 4 
INTRODUCTION 


A particle beam can only interact continuously with a wave 
if they have approximately the same velocity. If the velocities are 
widely different, the particle will experience a high frequency field 
which will result in no average change in the particle energy. 

A particle travelling slightly more slowly than the wave, 
and which enters the field at the beginning of the accelerating half- 
cycle, will initially acquire energy from the wave and then travel 
along with it. The allowable initial discrepancy in velocity is a 
function of the maximum accelerating field. 

Slater (1) has shown that for a wave travelling at the 
velocity of light, continuous interaction is still possible, because 
although the particle must continuously slip back in phase, it will 
remain in the accelerating field indefinitely if the field is high 
enough. | 

West (2) has given a curve, derived from Slater, relating 
the intensity of the accelerating wave to the required initial particle 
velocity if capture is to take place. 

An electron travelling at a velocity close to the velocity 
of light will interact thereforewith a wave whose phase velocity is 
equal to the velocity of light. This is the principle employed in 
many electron accelerators. 

In a circular cylindrical wave guide, the phase velocity is 
always greater than the velocity of light. To use the wave guide as 
an accelerator ytherefores lowing of the electromagnetic wave must take 
place. This may be accomplished by inserting metalic IR#S£S or 
dielectric disks inside the wave guide. Where the velocity of the 
accelerating wave must be constant, the loading elements must be 
placed in a periodic manner. For any periodic structure the field 
may be analyzed into space harmonics, which in general have different 
phase velocities, so that a particle beam will only interact with one 


of them, 
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In a resonant accelerator it is possible to obtain inter- 
action of the beam with two space harmonics by using €¥ -mode 
Operation. This raises the accelerating efficiency but. due to the 
zero group velocity, the mode separation is normally very small. 

Walker and West (3) have shown, however, that in a wave 
guide loaded with dielectric disks, good mode separation at the 

JC -mode may be obtained by arranging that the first and second 
pass bands of the structure are confluent. 

A slow wave structure may also be constructed by coupling 
resonant cavities together in an identical manner. 

It has been shown by Nagle and Knapp (4) that a chain of 
cavities can be used to accelerate a beam using the YF -mode by 
allowing the beam to interact only with alternate cavities. The 
phase change per cavity is then TL/2, giving good mode separation. 
At the “WE /2-mode, losses in the unloaded cavities are extremely 
small so that the structure is very efficient, 

The unloaded cavities can be considered as coupling 
elements between the accelerating cavities. If the two types of 
cavities are not identical, then the chain of cavities form a 
doubly periodic structure. 

Nagle (11) has shown that in a lossless doubly periodic 
structure the T™ -mode can be obtained for two frequencies, namely 
the resonant frequencies of the cavities that form the structure, 

It is shown here that if losses are introduced in this 
structure, the edges of the stop band becomes undefined and the 

TT -mode will now occur at one frequency. The dispersion curve 
is continuous at this frequency which means that, in general, the 
group velocity is not zero. In fact, the group velocity at the 

TC -mode will be related to the amount of losses and a large mode 
separation may exist in a lossy structure. 

In the dielectrically loaded structure of Walker and West, 
the dielectric disks may be considered as coupling elements between 
the accelerating air regions. An equivalent circuit for the disk 
loaded wave guide has been found and a comparison has been made with 


the coupled cavity chain. 
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CHAPTER 1 


SINGLY PERIODIC STRUCTURE 


In this chapter, an equivalent circuit for coupled 
cavities is assumed, and the transmission matrix for a periodic 
section is derived, Matrix algebra is used to find the current in 


each cavity when the structure is terminated, 


ed SINGLY PERIODIC STRUCTURE 
A chain of identical cavities (ie. ‘same parameters!) coupled 
in a similar manner forms a singly periodic slow wave structure. The 


cavities could be arranged as in Fig. 1 (a) or (b). 


| | 
(1 | 
, } (0) St) 7 702) | 
| \ [ AT atk 
; (0) ee | 
a er 

i 

(a) (b) 

i= Waa Two types of geometrical arrangements are shown for 


identically coupled cavities$ 
(a) The cavities are coupled in an off-set manner. 


(b) (Linear coupling) Inline coupling. 


ey EQUIVALENT CIRCUIT 

An equivalent circuit can be drawn for the cavities as 
shown in Fig. 2. This approach is useful so long as it is possible 
to describe the behavior using separated modes of a single cavity as 
they develop into bands of the coupled system, 

Agreement with measurement is remarkably good as shown 
by (5), (6), (7),-and (8). 

The coupling between the cavities is represented by the 


mutual inductance M. 
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Fig. 2: The equivalent circuit of two coupled cavities 


with identical parameters. 


Depending on the sign of M ., the coupling can be either 
inductive or capacitive. A change in the sign of M changes the 
relative directions of the current in adjacent cavities. This is 
illustrated in Fig. 3, where the dot notation is used to determine 


the equivalent circuit of a transformer? 


Fig. 3: (a) 
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Rige 3 »(b) 
fra, 3: Equivalent curcuit of a transformer using the 
Dot notations 
(a) Positive mutual inductance. 


(b) Negative mutual inductance. 


The dispersion curve will be shifted by 180° when M 
changes sign. Positive sign of M _ indicates inductive coupling 
while the negative sign indicates a capacitive one. In the 


following analysis, capacitive coupling has been assumed, 


(ee TRANSMISSION MATRIX OF A PERIODIC SECTION 

A periodic section is shown in Fig, 2 between planes 
X and Y. It is assumed that the structure has (N) cavities. A 
particular cavity is denoted by (n). A periodic section therefore 


consists of one half the cavity (n), and one half of cavity (n+l). 


Fig. 4 below shows the equivalent circuit of a periodic section, 


R/2 


R/2  (L+M) (L+M) 


Fig. 4: Equivalent circuit of a periodic section. 
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From this, using phasor notations, we have: 


- R ' 1 : 
Man tay. 22 ¢ CW AG) ye 
V =.= ( A, + jWL zal deme! - Mjwi 
n+1 Zi 2 jWC n+1 n 
Solving for ae and pee in terms of u and Ls we get: 
R : 1 R ; 1 ,2 Se, 
OU eee (f+ iW +) (MW) nee 
MjW MjW 
R , 1 
loa, Vee oqwe) | @) 
é J MjW 
If we define: R | 
et -(/, + jWL + 5758) 
MjW 
: 1 wy 2 
Oe + jWL + a)? (MjW) 
B= (3) 
MjW 
a 1 
C= Mj 
The equations (1) and (2) can be written in matrix form giving: 
ee a: ‘ | 
L A) 7 (4) 
I ay C. o I iS 
so that the transmission matrix is: 
A B 


Since the equivalent circuit of a periodic section contains only passive 


elements, the determinent of T must be unity. 
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[7] = AD-BC = 1 (6) 


From equation (3): 


R F 1 R ; 1 2 Aner d 
AD-BC = ( /, Pen wWL Zjwo? - ( /, heel Wises TiWe) ie (MjwW) 
MjW MiW ; 1 
: ; (jw) 


1.4 PHASE SHIFT 

The phase shift per section may be found by considering 
impedances. Because the structure is periodic, the impedance looking 
into any section has a definite value #, Thus in Fig. 5, for one 


section we have: 


Fig. 5° Schematic diagram for 


a periodic section. 


Therefore, equation (4) becomes: 


hs) z : A B | Z 
vee ae in 
so that: 
be sBals ofAZomps ex! (7) 
| = (CZ +D) | (8) 
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These are two homogeneous linear equations and a non- 
trivial solution exists if and only if the determinant is equal to 


Zero. 


Zz -(AZ + B) 


Cie.) be Seay: 


Expanding and solving for Zz we have: 


\2 
=(D-A) ' D-A\ B 
Baas 5oC s 2C fanee'c 
2 
A+D 
Since Det T=1 and if (3) <q (9) 

2 1 
q 


' 2 
Zz = “(DeA) ns = 1 - (9 (10) 


This is the characteristic impedance of the structure. 


Substituting equation (10) in equation (8) gives: 
+ jo 


n+1 re en 


where (+,-) sign indicate forward or backward propagation. 
From (11) it is clear that: 


gd = coca (A+D ) (12) 


2 
which may be real, or complex, depending on A and D. Equation (11) 
is nothing more than ''FlQquet's Theorem'' for a periodic structure. 
Equation (12) is the dispersion relation for the structure. For a 
typical lossless circuit ¢ can be plotted against W to give a dispersion 


curve as shown in Fig.6. 
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frequency 


Phase shift per V 
section. 


Fig. 6: A typical dispersion curve for a lossless singly periodic structure, 
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25 TERMINATED STRUCTURE 

Equation (11) indicates that a forward or a backward wave 
may exist in a periodic structure. When the structure is terminated, 
a mixture of both waves is required to satisfy the boundary conditions. 


Equation (4) for n=o and n=1 gives: 


Bs Vo Ga bb LG), eee) 


Ya. 4= _ Tale, (13) 


Therefore, to relate voltage and current in cavity ''n'' to 


those in cavity "'ol'," T” must be found. 


1.6 THE MATRIX T” 
To find TT a unitary transformation which diagonalizes T 


must be found such that: 


Cee STeSen a) 
where T’ is diagonal. If (14) is satisfied, then: 
Teh st co 'c1 ca. Meer or tecr GS Mtoe is) ce (15) 


or ¢ ih = s(% so) so! (16) 
2 


where \ 1 9 are the eigen values of T, these are found from equating 


the secular equation determenant to zero: 


= 0 . (17) 
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Solving for \ and remembering that foer T =1, we have: 
\ Q Arps si LAH) Et , (ast)> ze (18) 
ey eee 2 2 J 2 
ae 
where 2 .< 1 is assumed as before. 
and ¢@ = cos (220 which is the same as equation (12). 
The Matrix § can be constructed from the eigen vectors of T. 
Taking *1) as the eigen vector corresponding to aX : 
Xo 1 


; A-). B x ) 
(ie.) C 0) = we have (Am) x, + Bx, = 0, 
If we take (X, = 1) find 5 (d (ai) 
we take = we find x = - so male 
2 1 A=), f ™ 


% 
Similarly, raking?) as the eigen vector for \ and assuming (x, = 1), 
xy, 2 4 


we get: 
x =B 
x 
1 
-B -B 
yy A- ay, 
so that § may be taken as: S = 1 (19) 


The inverse of S exists if | s| # 0 (le.) ree ~ er x 0. 
2 1 


Inverting, we have: 


=f B 
S da 1 1 ay (20) 
B Tm: ae 
ey rowkl tay E A=), 


y Le eee 
# [ee iP 
i ! , vy « ee 
| ; ete \ A all 
ee A SHAY 
ay 9pes ; - i a fx rn a 7 ta 
=4 - _ 7 
" : i= 


caved ow f= TT qgetvery pninsddensy bine X 10% oni 


ei + py : , 
(81) ot rent E, Page 
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1 As f 
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1) sa 
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si = 2 26 nodes, Zz) 


Substituting in equation (16), we get: 


n =| n=l 
AC Sco WR oad Wyo ae WLSAL 


d2 ah 
=(A-\i) (Ado) (Py VD 


B ie 


(9 


Using the identities: 


™ +), 2 +A + D 
Whe = 40-86 


ml) AQ) - 
se Eh 


1 


1) 


Me" - he - 


1 


Bihar ieee Nila oe a-))) ‘x ese 
and = m (pepe ae 
2 
equation (21) becomes: 
Asinnéd = sin(n=-1)¢ B sin n¢ 
n sin @ sin @ 
C sin ng D sin ng 
sing S 
If we define: A han sin ng = sin (n-1)¢ 
n sin @ 
B B sin ng 
n sin @ 


+] 4 
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a(\, bi Ne 
2 Ny 
eh MN) 


= 
(21) 


Kr *A2 > 
ea 


: i ie 
har 


(22) 


(23) 


sin (n=1)¢ 
in @ 


C sin ng 


C sin @ 


D sin nd - sint-l) o 
sin @ 


(24) 


es 
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& nie 
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n an B. 

Then: T 6¢= (25) 

Cae LD 

n 
les THE CURRENTS IN THE CAVITIES: 

A structure consisting of N cavities terminated in an 

impedance ZN is shown in Fig. 7: 
R/2 R/2 R/2 R/2' “h/2 


is 


C 26 2C 
Fig, 7: Equivalent circuit of (N-) cavities with termination zy! 
At the termination: Viecmane alee (26) 
N NN 


Using equation (13) with n=N, we have: 


GOO 


Solving for ee in terms of bs we find: 
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Substitute equation (27) in (13) gives: 


nn By 
ne a Bs A - 2C 
= N NeNclears (28) 
| C D 
n n n | 
This equation gives ¥ and Le in terms of lo: Therefore Lys is: 
Ga —) ee, fe (29) 
For a symmetrical structure A=D so that, using equation (24), 
equation (29) becomes explicitly: 
sin nd cos ¢ sin NO - sin (N-1)¢ in ae sinhg sinNd 
: ane koe Cane So 
I a sin ae - 
cos g sin N g - sin (N-1) og | z ¢ Sinns 
sin ¢@ N° sin @ 
cos g sin n g = sin (n-1) ¢ 
sin @ O 
where A = D = cos ¢g. from (12) (3). 
Simplifying we have: 
ee eel nd cos N¢@ # sinn¢gsinN@ 
_ N° sin ¢@ 
pe be . + cosn¢ | (30) 
n igen zac sin N @ fe) 
cos ne as 


There are three special cases that may be considered: 


(a) When the terminating impedance Zz is made equal to the 
characteristic impedance of the structure, then equation 
(30) will reduce to a general case, of which equation (11) 
was a special case. 
The characteristic impedance is given by equation (10). 


But since A =D, equation (10) reduces to: 
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° 5} . 
at = - i} - cos ¢@ 4 i os sin ¢@ (31) 


Substitution in (30) gives: 


(=) j sin ng cos N¢G+ sinn ¢g sinN ¢ 


n cos N¢@ - (=)j sinNg@ cee at) jee 
- +J n@ 
Le = (cos ng@-j sinn 3) WS = E, e (32) 


which is the statement of Floquet's theorem in an infinitely long 


periodic structure, 


(b) When the terminating impedance is infinite, zy =e0o, then: 

_ [sin ng cos N 4 _ sin (N-n) ¢ 
A a ( -sinN¢ Ue Be v8) Late sin N @ = (33) 
(c) lf aN = 0, then: 
ents sin n ¢@ sin N 6 + cos n g cos N @ yr Uf os (N-n) ¢g (34) 
n cos N @ fe) cos N@ fe) 


Equation (34) is of special importance as shown in the next chapter. 
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CHAPTER II 


DISPERSION CURVE, GROUP VELOCITY, AND CURRENTS 


IN A SINGLY PERIODIC STRUCTURE 


In this chapter the currents in the cavities are determined 


for the case where the termination is a short circuit. The dispersion 


curve and group velocity are also calculated for a specific structure 


using equations (34) and (12). Two cases are considered: 


(a) An ideal lossless structure. 


and (b) A lossy structure. 


zal CURRENTS IN THE CAVITIES 

The currents in the cavities, subject to a short circuit 
termination, are given by equation (34). In general, the phase 
shift per section is a complex quantity. If a is taken to 
represent the phase shift per section of a wave travelling to the 


right, then for a lossy structure ¢ should be of the form 

Be cx 
where Y, & are real quantities. Ww is the real phase shift per 
section and &® is a positive quantity defined such that e is the 


amplitude attenuation of the wave per section. Since ¢ is complex 


cos g is given by the following identity: 
cos g = cos (p- JX) = cosP coshx + j sin sinh& 
Substituting (36) in (34) gives: 


; 2/62: (N-n) Ycosh (N-n)A_+ j sin (N-n)Wsinh (N-n)X ) , 
n cos NW cosh NX + j sin NW sinhN« 


(35) 


(36) 
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ih eg CURRENTS AT THE TY -MODE IN A LOSSLESS STRUCTURE. 
In a lossless structure, &= 0, so that equation (37) reduces 
to: 
Pee coss(nan) ys (38) 
n cos Nw fe) 


If the chain of cavities is short circuited at both ends 


b ‘ se 
it will resonate when the total Le shift is a multiple of f[. 
bight iN Tin Qi even vav$i3s.o> thned,-only on (39) 


Equation (39) shows that the phase shift is déscrete and 
is given by v = 77 /N. There are (N+1) values for the phase 
shift corresponding to ( r( =O. he asad oc- alert Imig. abe Low 
shows how the resonant frequencies can be found from the dispersion 
curve. 

Here N=4 has been considered. The difference between 
adjacent resonant frequencies is known as the mode separation and 
it is related to the slope of the dispersion curve. It can be seen 
from Fig. 8 that the mode separation is large at W = 1/2 and 
smallest for V7 = IT . 


-frequerncy— | é——_____ = 


0 Th w/2 att/h Ww w 


Fig. 8: Resonant frequencies for a four-section structure. 
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if W is to have the value ‘La then by equation (39) 
2. 


N must be an even integer. 
Putting WY equal to 1/2 in (38) gives: 


I = cos pus = (40) 


Equation (40) above indicates that the currents are zero 
in the odd cavities and are equal in the magnitude to the applied 
current - in the even cavities, Hence, only the even cavities are 
excited and the odd cavities may be considered as lossless coupling 
elements, 

In a periodic structure whose cavities are arranged as In 
Fig, 1 (a), the even cavities may be used as a particle accelerator, 
The particle beam will experience TV -mode operation, but the mode 
separation will be large because the total structure is operating 
at the W/2 mode. 


23 CURRENTS AT THE {€/2=-MODE IN A LOSSY STRUCTURE, 

When losses are present In the structure at the TT/2 mode, 
the currents in the odd cavities are no longer zero. Equation (37) 
with the conditions that N is even and “P equal to IT/2, reduces to: 


cos nIT/2 cosh (N=n)& 
cosh NO pay for n even 


n : 
-j sin ntt/2 Sinh (N=n)A |_; for n odd 


cosh Ne Oo 


(41) 


This equation shows that the currents in the even cavities 
decrease in amplitude as n increases, varying from be for n =o to 


6 for n =N. For small values of oO the change in the current is 


COsShNa 
negligible, The currents in the odd cavities, on the other hand, 


are proportional to (N-n)of for small values of @& , and hence, decrease 


linearly to zero as the termination is approached. 
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2.4 DISPERSION RELATION AND THE GROUP VELOCITY. 
Equation (12) is the dispersion relation for any periodic 


structure. For the structure under consideration 


EE. sx sileaciaw hut 


jWC ) from equation (3). Using this in 
MjW 


equation (12) gives the dispersion relation explicitly in terms of the 


frequency: 
l 
(R/2 + jWL + ~~) 
cos D iW (42) 
We may define: W* = co Greats (43) 
fe) 2LC Te 


Here, Wo is the resonant frequency of one of the cavities since the total 
inductance of each cavity is 2L. The mutual inductance ''M'' which repre- 
sents the coupling mechanism may be written in terms of the inductances 


and a coupling factor "'k'', [It is known from transformer theory that: 


M = k West, = kL (44) 


Substituting equations (43), (44), in (42) and separating the real and 


imaginary parts gives: 


1 (v2) 1 4 
cos 6 = k aad =- | Pang ka Wn (45) 


The above equation shows that ¢ must be a complex quantity, in agreement 
with equation (35). 
Equating real and imaginary parts of equations (45), and (36) 


gives: rw\2 
cos WUcosha : Ie - | (46) 
‘1 5 


and sin sinh = ko vy (47) 
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These two equations determine the dispersion curve completely 
for @ singly periodic structure. Only the parameters Wo Q, and k are 


necessary to plot the dispersion curve. 


24.5 DISPERSION CURVE AND GROUP VELOCITY FOR A LOSSLESS STRUCTURE. 
If the singly periodic structure is lossless (ie) ''Q=99% then 


the equations (46) and (47) reduce to one equation, namely: 


Z 
cos W= i ( - 1 (48) 
AAR IFN wr 
This is the dispersion relation for a lossless singly periodic structure. 
Solving for W_ in terms of V one finds: 


W 
fe) 
it 
W Ke 149) 
ae = 1 + k cos (49 
fe) wa 
Hence, the frequency is a periodic function of wd with a period equal 
to, 41! TT ''. The dispersion curve is, therefore, as shown in Fig. 9 
with the pass band extending from W = W to W = W 
aloe 


the pass band 


a ee ee 
0 Ww Tv Ve 


Fig. 9: The dispersion curve of a lossless singly periodic structure. 
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2.6 MODE SEPARATION, 

We have seen in Section 2,2 that the mode separation is related 
to the slope of the dispersion curve. The mode separation is approximately 
proportional to dw/dp . [It can be noted here that the group velocity, 
(ie) the velocity at which information travels along the structure, is 
also proportional to this quantity. 


Differentiating equation (49) gives: 


W =3/2 3 
7 = tk sin [i+ cosf | = 55 aay (50) 


for = 1/2, W = Wo and: 


k 
dy => W (50~a) 


Equation (50-a) shows that the group velocity at W - 172 
is proportional to the resonant frequency of the cavity and the coupling 


constant. The percentage mode separation at the | /2 mode is given by 


o= fn 
Nix 
Q 
~~ 
A 


Thus, for good mode separation, the value of k cannot be too small when 
N is large. When W¥ TT /2 the mode separation is reduced as indicated 


by equation (50). 


Bef DISPERSION CURVE AND GROUP VELOCITY IN A LOSSY STRUCTURE, 
The solution for the phase shift in terms of the frequency 
in a lossy structure is obtained by eliminating (@&) between equations 


(46) and (47): 
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Substituting for coSth & from the second equation into the first gives: 


h 2 
W Pays W 
(“= ) : (: i. sot) (“s) : K2cos* ap al = QO 


Solving Fer(“o)) one obtains: 
W 


2 
W cot 
cs = 1 + 202 + Wi + ; + K-cos =] ) for o< V<l 
x 2 meres (51) 
cot cot ° 
1 + Ie = 1 + vi tekecos M Sia) TOL Mo<Wey 


In the limit as Q—» 6@ equations (51) reduces to equation (49), 
For small losses the dispersion curve is almost the same as that of a loss- 
less structure except at (p= O,7F 9. As > 0, W-—>0, and as 
yr. W og as shown in Fig. (10) and (11). The group velocity 
can be found by differentiating equations (46) and (47) and eliminating 


d& between the resulting equations. Thus: 


dW 
2 
. dp sin cosh x + cos W sinho& d& = -2 Ms 
dW dW kw3 


and cos W sinh o ay + sin cosh & dQ& = -W 


dW dW 


Eliminating do we have: 


dW sin sinh 
aye kOW? 2QW5 sina coshK - WW cos “py sinhX (52) 
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Comparison of equations (50) and (52) indicates that the 
group velocity in a lossy structure is always greater than the group 
velocity in a lossless structure. This means that the dispersion curve 
in the lossy case is always steeper than the one with no lossess. 

At ab - TT, this difference is very large since the tangent of the 
lossy curve is vertical while that of the lossless curve is horizontal. 


At p = 1/2, equation (52) gives: 


ST WOE IES 0 
Des & : kQ (53) 


Since from (51) we have W = Woe cosho has been substituted 


dW 


from equation (47). 
Comparison of (53) with (50-a) shows that the group velocity 


has increased by the amount Leaked when losses are introduced into 
K702 


the structure. A tabulation “e ) versus the phase shift is shown in 


We 
the following table for different values of the coupling constant and 
different Q . The dispersion curves are plotted in Fig. (10) and (11). 


In the next chapter these ideas are applied to the doubly periodic structure. 
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TABLE 4 
VALUES OF = FOR DIFFERENT VALUE OF ~ WHEN 


fe) 
k AND Q ARE GIVEN VARIOUS VALUES, 
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The dispersion curve with and without loses for a singly periodic 
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CHAPTER I11 


DOUBLY PERIODIC STRUCTURE 


The theory of a singly periodic structure consisting of 


identical cavities can be extended to a doubly periodic structure . 


Be) DOUBLY PERIODIC STRUCTURE, 
A chain of two different types of cavities arranged alternately 


and coupled in a similar manner as shown in Fig. 12, forms a doubly 
periodic slow wave structure. The cavities may be placed ''in-line'' as in 


Fig 12-a, or in an "'off-set'' manner as in Fig. 12-b. 


1 


° 
Fig. 12 A doubly periodic structure Is shown. 


(a) in line coupling. 


(b) offset coupling. 


: insists 

4 * 0 "is mare, ' . . 
ny i ae a 

: ita Yan 


O€ saps rah 


TROT UAT iatutal yusvoo 
thes Weal 


4 . a 


TO pnisizienor siwiowyse 2iboiisq Yfonte 6 to Vogt: 3 
sivsousie diboinsa auc § OF bebnadxe ad ned parti i 
ane he bis a 


; A : 
a 


ry A 


| -SAUTIUATe J1G01 AST oa , 

vistenre7[s bepnéi1s esitives to esqys tasisttib ows to hero Pa 
yidueb s emot Shelf al nwod® es T9Anem 76 f imbe ‘oun bate 

ai 26 "anil-ni' besslq 98 Yem esttive sAT.  SwIou we svew wole 2 a 


.d=8 -eiFt nt 26 annem ty was tGH Me mi w , 


: " om 7 
: i | t= : oe @® ) P a ta ; ; - 
« POs a es, 


+ two a sunaorte 3 ” 


 epnttene 
hee wa 


Page 3] 


a2 EQUIVALENT CIRCUIT (of a periodic section) 
The equivalent circuit of a doubly periodic structure is the 
same as that of a singly periodic structure except that the odd and even 


cavities have different parameters. A symmetric periodic section is 


taken between planes X and Y as shown in Fig. 13. 


Fig. 13: An equivalent circuit of a periodic section containing 


two cavities. 


33 TRANSMISSION MATRIX. 
The transmission matrix which relates the input to the output 
of a periodic section is obtained as follows: 


Referring to Fig. 13, we have as in chapter (1): 
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and Vas ie 
= a = 
| ; Ta (55) 
n+1 9) 
V 
es n 
| 
n 
thus, the transmission matrix of a periodic section is: 
¥ 1,7, (56) 


The matrices Ty To are found from the equivalent circuit of a 


Periodic section. Referring to Fig. 13, and assuming capactive coupling, 


mone.dgets: 
Vo= Ry + jWe fe Habe | + Mjwli (57) 
n > 1 2jWwC, n p 
tie «Ro jWwL, + | = Mjwi (58) 
p Ps 2jWC., p n 
If we let 
ie ty. “ 
=i + JWL, + 2IWC, = a, 
Ry + j ; = (59) 
R2+ jWL, + = = a ee, 
2 2" 2jWc, 2 
MjW = b 


(22) 


(82) 


wie a 
i Ty 


& to tivanlo Insfeviups sds mort bavot sis .T “yt sie ont +3 
eeNifquos svitesqss pnimees bns Ll! . pit oF pnintstea 013988 3 


(ta) ce gt ot a 
fs t 
(82) iWLM : omits 
a 

ae | SDR, 


§ 

‘ . 
é d ae , oF te 

_ es lame abssiy ‘ih 12 (Be) » bao (5 


Page 33 


Solving for V_and |_ in terms of V. and! we find: 
p p n n 


-a aa ye 
V 1 12 @ V 
p _ b, b n 
(62) 
= \ — = 
P a 0 
Comparing this with equation (54) gives: 
2 
oii a,a,-b 
1 -a 
—_ 2 
lees 
Similarly: 
Vesey ptt Ane! ates (64) 
Se | oa bl (65) 


and following the same steps as in the derivation of (63), one obtains for 


TS: 
- Bab 
2 ee 
b b 
= 64 
a (64) 
a ions 
therefore: P : *) 
“a, a,a,—b “a, a,a,7b 
b b b 
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Za ie Sa 
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Multiplying the matrices we have: 


Z 2 2 
2 - - 
a1, b z ay ay ab 
a | ar ae i (65) 
~2a, 2a,a,-b 
2 yl 


Unlike Ty or To: T is a shwwretsshxt matrix with Ti 77 90° 


This is to be expected, since a symmetric periodic section has been chosen, 
With this choice, therefore, the structure now resembles a singly periodic 


structure and the theory developed in Chapters (1) and Chapters (2) may be 


applied, 
3.4 CURRENTS IN THE CAVITIES, ie 

According to the labelling used Fig 13 ''n'' labels even cavities 
and ''p!' labels odd cavities. Thus with a short circuit termination, the 


currents in the even cavities are given by equation (34): 


1 = gos (N-n) d |, (66) 


n  cosN@ fe) 


Where ¢ is the phase shift per section which is given by 


equation (12) using: 


A =D. 2a,a,-b- from (65), 


thus: cos 6 = 2a.a =b* (67) 


The currents in the odd cavities may be found by eliminating ee between 


equations (61) and (64). This gives: 
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x = cos (N-n-1) 6 + cos (N-n) 6 | (68) 


1 cos Nd : 


Thus currents in even and odd cavities are given by equations (66), and 


(68) respectively. 


Bi CURRENTS AT THE TU-MODE IN A LOSSLESS STRUCTURE. 

Because a periodic section of a doubly periodic structure 
consists essentially of two cavities, the phase shift per sectiony)if the 
cavities were identical,would be equal to twice the phase shift of a singly 
periodic structure. The f€ -mode in a doubly periodic structure would be 
equivalent to the T/2-mode in a singly periodic structure. To compare 
with the results of Chapter (2), therefore, it is instructive to consider 
TT -mode operation of the doubly periodic structure. In the lossless 


case, the currents in the even cavities are, from Equation (66) with 


YC: 


age yn 
| = cos njt les (=-1) lp, 
the currents in the odd cavities are given by equation (68); 


b n n+1 
ne a oay Te 2a, 
This is only true if a, ; O. For W =X, this means that a,=o. 
(ie) Thus even cavities are energized and odd cavities are empty as was 


formed in Chapter 2. 


a°6 CURRENTS AT THE TC-MODE IN A LOSSY STRUCTURE. 


If losses are introduced into the structure the phase shift 


becomes complex and is given by equation (35). 


é = U- jx 


2& oped 


(8a): 


bns .(d8) enoiteups yd nevip ia esi tives bo bos nieve. 


.BAUTOURT2) 22aseeod A Mh 300m-TT aH “7 Twa 

SjutoUAte sibolteq yiduob 6 Yo. noitose >iboineg 6 

eit ti enoitose 15q tine sesngq ont ,29tsives ows to ik 
vipnie.s to t¥ide 926q on) 92iwi ot Ieups od ana bal ed 
sd bluow switauite siboiis¢ yi duob 6 ni sbon= Fhorit /owioy , ve : 
sisqmoa oT .siuiouite sibolieq vient 6) ai “abom-S\IF orld - 
ibieroes ot svisourzeni. 2h +1 +9107 ort. (8) ) r9dqen9 to erlue 
f2zo{ srt ol OWI WIFE viboiieg yiduob ony Jo not pesos 
ritiw. (83) nolteup3 mor? (276 2sitives nave sft nf 23 ov 


= ys 
ler aw ‘ie . 
. O« (I) + (fe) B= 


es itn of - f 


-0=.6 3603 ensom 2ind 72 107 Pied 
26w 26 yiqme 16 edi tives bbo bas besierans 216.2012 


neve 
pero gh , ‘ 


ives 
ia 5 _ mh / 
; ir iy - vs sger - 


saurunre ve20u A cy 0-70 
1tiHe szertq oi swiauite ‘ont oat boutons 


aan Sy me r 
~ ¢ ‘ .(2 3) Z oF ‘BUPS 
6.5 ff 


? J 
cat ate, : 
: a oe ce es . 
er 
or 


Page 36 


Where Vand co are defined as before for one periodic section. With the 
aid of equation (36), equation (66) may be written as: 


ios cos (Ne-n) cosh (N=-n) & + j sin (N-=n) sinh (N=-n) & } 
n cos NY cosh N& + j sin Nw sinh No& O 


Using TC- mode operation the currents in the even cavities become: 


a cosh (N-n)& a n cosh (N-n)A 
Meer cocked 20 ol cosh Neo oa 


for odd cavities the currents are: 


=b = Mt me Sa 
aee = cos nic cosh (N=-n)&%=_ cosh (N-n-1)o% | 


p 2a, cosh N& fe) 


_ =b /_,,n sinh (N-n-3) A sinh&/2 
(-1) cosh N& (70) 


These results are similar to those obtained for a singly periodic structure 
and reduce to them when aj=a,. 


cat DISPERSION RELATION AND THE GROUP: VELOCITY. © 


The dispersion relation is defined by equation (67). The phase 
shift is complex, in general, so that we must follow the same steps as in 
chapter 2 to separate the real and imaginary parts of equation (67), 


Substituting for a,» as and b from equation (59) into equation (67), gives: 
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Equating the real and imaginary parts of equations (36) and equation (71) 
we have: 


2LjL, R,R eto a 


eaten seam I 162 LAUFt, 2a2 Nie, 
cos Wcos =e? ri 4 
M ‘ 2M°C COW 2WeM Nc CW 
(72) 
R Ro LR +LR, 
. oil PER serrata ewes tai 
an sin sinhx 2WeM'C, = 2WPwrc, Zw 
If we define as before: 
es 2WiL, 
Sei iand wh Baton ta! 
45 2WoL., 
oh Ge FED Oo 7s) Pa 
M = k ee 
Equation (72) may be written: 
Zeer 2 pe: 
2W<W (w +W W.W 
cos‘W cosh & = Case hte AC, 2) 9 2 -1 
Ke 2-ot Ze? z 2 
k W kW k Q,Q,W 
(73) 
Pa 2 2 
and sin sinhe&= 2W Wo ‘ 2WoW, ; 2W. ; 2W, 
KW KW KW KOM 


Thus, the dispersion relation for a doubly periodic structure is defined in 
terms of the resonant Frequencies Wi» Wo» the coupling coefficient and the 
Ys of the cavities. * 
These results can now be applied to (a) a lossless structure and 
(b) @ lossy structure. 
(a) For a lossless structure G8 02 s0 that equation (73) reduces 


EO: 
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ni beniteb ei etwiourta 2ibolveq ‘y (diob | & 40% aie 
ed3 bne tnslottse, phil {ques ‘old cw My <n 


bns owutautze sates aa eat. on Lilac tl 
-oWiouise yzeol 6. (3) | | 
nn aw wate 2: 


esaube1 (&)) noltsups ted3 sine 


Page 38 


2) ut? ce: 
cos W = ‘ ’ PLP Sa 3 (ws +We) -] (74) 
we Kew vane 
solving for the frequency in terms of the phase shift, we have: 
ws ~ we wwe 
ap ve mI 
W = = 
+ er + ES 2 2 (LecosP) _, 0 
2 
2 2 
(w, u Ws) 


or we =  2(k2 (2 + sos ai) 


There are two branches of the dispersion curve. When the (-) sign is taken, 
0< Pct ; and when the (+) sign is taken, then Reyer: 
It is obvious that the curve defined above is discontinuous at 
(Y =1T), since from equation (75), WV =7{ corresponds to W=W when 
the (+) sign is used, and W=W, when the (=) sign is used. 
The group velocity is derived by differentiating equation (74), 
thus: 


aw . sin 

Gu. sirtqy, 0, +9, (76) 

dV BWW ati Woy Ald 
3 


K2w Kew 


BO] — 


this shows that the group velocity at the T© =mode is zero. 


(b) For a lossy structure, the dispersion curve is given by equation 
(73). At iY = JU,the second equation in (73) indicates that: 
2W 
2W Wo 2WoW, 2W. : 
4 n= = 2 
‘ k7Q,W> a KW KOM kQ,W 


so that W = (77) 
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Thus the TC -mode now occurs at only one value of the frequency. 


Examination of equation (73) shows that the dispersion curve is continuous 
at wp = ™ , which indicates that the group velocity at the TW -mode 
remains finite. The group velocity is obtained by differentiating equations 


(73) and eliminating da. 
dW 


Ty a aes arate + sin tie 
d: 6 W “) Tera 
YAN ee 
maga oc soulless Aico + — jcosWsinhti- —— 
er. ey G Q, I, kw? 
(78) 
TSR 22 
Be Mine Sa stnabteoshx 
Onde nm) SRZE 
2 
Equation (78) for (W =") Cancives: | 
22 2 
W.0,+W 
Za) 2M, WoO We EB react Ale (Wo, +W,Q,) . 
Coe 7 (w.w2o.4w.W20,)2 kz | 2 8%" WW wo aw we.) 
dW f Peay ad ng 1"2hon "2" ted 
dp 7 9 
l= +W 
ee (i. 24 3W Wo (Wo, +H Q,) Wit ol eo 
2\0 2 oe) 2 
k 1 27\(w, W50,+WW1Q, ) W,W5Q,+WoW,Q, 


This is the group velocity at the fC -mode. Equation (79) shows 
that the group velocity is finite at the Th -mode except when Q, or Q, are 
infinite. The group velocity is then zero, It is interesting to note 
that this will occur at Wz if Q, =00 or at Woy if Q, =00. 

The dispersion curve is plotted in Fig. 4 for a typical 


structure with and without lossess to illustrate the effect of losses on 


the stop band. 
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Phase shift per periodic ad 
section 


Fig. 14: The dispersion curve with and without losses for a doubly 


periodic structure, 
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CHAPTER IV 


COMPARISON OF COUPLED CAVITIES 
TO A 


DIELECTRICALLY LOADED WAVE GUIDE 


An equivalent circuit for a dielectrically loaded wave guide 
may be obtained using Maxwell equations. The field pattern in this 
structure is easily derived due to the simplicity of the boundary 
¢onditions. Thus an exact equivalent circuit for the loaded wave guide 
can be obtained. The analysis will be restricted to a circular 


cylindrical wave guide operated in the TMo, mode. 


1 


4] FIELD PATTERN 
A circular cylindrical loaded wave guide is shavn in Fig. 15. 
Using Maxwell equations, the fields that may exist for the TMo, ~mode 


assuming no losses Che definition is given in many books, see Ref. 9, 
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p. = Wea z, - Xe (81) 
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For Eo, -mode the first root of the Bessel function is taken so that: 


Na = S, = 2.4048... 


4.2 IMPEDANCE 

The impedance concept enables one to take into account the 
effects of the Boundary conditions which existg between two regions of 
different permittities @ Jn @ circular cylindrical wave guide, using 


cylindrical coordinates ,the chaxasteotsxie impedance at any point is: 
poles ieee (82) 
4 Fe aa Hd 


Substituting for E-, Hd from Equation (77) gives: 


, ce JP 12 : felbre 
We 7 


Z_ (z,r,¢) - : (83) 
i Ge J 2 + Het i” 
which is a function of (z) alone (¢e): 
Z7(z,r,4) = 2_(z) 
The characteristic impedance for a TM mode is: 
Z = ial (84) 
1 We, 
So that substituting in equation (79) and rearranging we have: 
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(G-H) cosB ,z - j id Mes 
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° a, v 
A block diagram of a wave guide of length L characterized by &, 
is shown in Fig.15 below: 


Fig. 16: Block diagram of wave guide piece E,) 


is equivalent to V and Hd is equivalent to |. 


The relation between the electric and magnetic field or the 
voltage and current depends on the value of the impedance at z=o, 
Thus, if the wave guide is terminated in an impedance 2) pequation (85) 
gives; 


4 < (G-H) 
2 (0) = Zz) = 21 (GsH) (86) 


From equations (86) and (85): 


Z_(z) -7 Zy cos B,z - jZ, sing \z (87) 
Z, cos Bz 5 jZ, sin B,z 


which is the well-known transmission line equation. 


4 3 EQUIVALENT CIRCUIT. 
An equivalent circuit for a wave guide section, as indicated in 


Fig. 17, may be drawn using equation (87). 
Since the section is symmetric with respect to the z aXis, it 


follows that only two impedances have to be determined. 
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Fig. 17: An equivalent (T) circuit of the block diagram in Fig. 16. 


The impedance at the input (z=-L) is: 


Ay cos, L + jZ,sin ByL 
Z_(- = Zi = 2 : : i 
a L) in zs cos, = jZ,si BL from equation (87). 


If we let Zt = 0 then: 


Zz = . 
in afl B,L 
ana if .2£L = ©@0 ° , then: 
Zz = isi 
in j2, cot ByL 
From Fig. 17 for short and open circuits we must have; 
2b 
ee, z fe J) taps Bik - Jéqs en 1 
a b 
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and gertee,. = =| Z, cot B aL = -jz, cot @ , 


se | ve’ 7 

Of .pit ni Berere asold sft to twants (Ty ctl A 
on 

i - 


i (d-=s) tugni otf se sonehingat Bis 
= 4 foie, Si + £209 gs 
\8) noiteups eet ES pe 


ny atid Qs 5 ts 


:sved Jaum sw ceeroeais nsgo brs rote 8 a 
te nee 4 


7 All = — “i Lae 
ie oe 


(88) 


Page 46 


Where 0, = ele 


solving for Z| and z in equation (84) we have: 


z | 2 
z = 1 if Z, 1 + tan fa) ' - ue 


: 1 + 
a tan - — = 

J 0, j tan 6, jsing, (8 9 1) 
z must tend to zero as o> fe) 


so that we must take the (-) sign. This implies that z is inductive 


Hence: 


zy (cos G0, - 1) 
2 | sin @, 
a 
(89) 
Col res 
and z = j sin 0, 
b 
PEOnsr td. l.7< 
ti + Zz.) ay 
2 Sara. + Zz.) sce oa i 
Substituting for z. and z from equation (89) and solving for 
Vos ln in terms of Vy: F one gets: 
Vo 2 COS 0, ~jZ,sin 9, V, oe 
\, -jsin 6 1 cos 0, I, 
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|f two sections of a wave guide with different permittf¥ities 
are joined together, then a block diagram may be drawn by connecting the 
output of one section of permittivity ( aa to the input of the other 
section of permittivity (Z,). Fig. 18 below shows a block diagram of 


two sections characterized by (£,\ and (=); The length of section (1) 


is while that of section (2) is (2). 


Fig. 18: A block diagram of two wave guide sections of different 


permittivities. 


From Fig. 18 and equation (90), it follows that: 


V3 cos §, -j2Z,sin6, cos 9, ~jz, sin 6, V, 
Is -jsin@, cos @, -jsin@, cos © , F 
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Using matrix multiplication, we have: 


We 
cos i -j i i 
ai 0, cos § , 2 sing, sin g, j(z,sing,cosg,+2,s inp,cos@: 1 


Z 
-j/sin@ cos, sing oe cosg,cos@, - Z,Sin@,s ing 
= z, 


Z 
(91) 
This is the transformation matrix equivalent to qT in Chapter III. For a 
periodic section of a dielectrically loaded wave-guide, we must take 


the half section shown in Fig. 18, plus its reverse. The matrix T, for 
the poversed half section is similar to qT)? except that the Cees of the 
Betacl ple diagonal are interchanged. bt>+s-obvieug from the ddstiscicnh 
ba GHepter Kk that oe.) $6 Da SHenmode der Mebade. From the elements of 


ToT 0 the dispersion relationship can be found as in Chapter III. We 
obtain: 
29 Ss 
Cos y - (cos @, cos 9, - a sing, sin@)(cos@, oaclazn sing, sind.) 
- (Z,sin@,cos@, + Z,sin@,cos@ 1 (Gl nO caer PANGS pete 3 
1 1 2 2 2 1 —— I ————— 
Zz zZ 
2 1 
Simplifying, one gets: 
oy L(t in 6,sin26, (92) 
cos = COS 29,608.26 | 7 Z, z, 20; 2 4 


This is the dispersion relation for a periodically loaded wave 


guide structure. A typical dispersion curve is shown in Fig. 19. 
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Fig. 19: Part of first and second pass bands in general dielectrically 


loaded structure. 
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44 COMPARISON WITH COUPLED CAVITIES. 
The > ar equivalent circuit of a wave guide section in 


Fig. 17 may be converted into !! A '', This is done below in Fig. 20: 


i 


Fig. 20: GA Equivalent circuit of the "Y"! 


Where: 
it 2 y 
zy = z=, + 2 + 254, ee te Pees Zh 
z 
a 
and Z = z2£2 + z° +22 =2 (22 + Z) 
B ab a ab _a b a 
a Zo 


For region (1) whose permittivity is E> and whose length 


is "g!', and for region (2) whose length is "'h", the Delta Impedences are: 


sj = cake, Zz, = -jz,cotO@ 4» 
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An equivalent circuit of two sections of a wave guide 
characterized by (2 7D and (E.), which are part of a periodic structure, 
are shown in Fig. 21, (a) and (c). 

The parallel impedances in (b) have been added to give the total 
equivalent circuit in (c). This may be compared with the equivalent 
circuit for a coupled cavity chain which is shown in (d) and (e). It is 
seen that the equivalent circuits are similar so that each region of the 
loaded wave guide can be compared with a cavity. Theoretically, values 
can be chosen for L, C, and M, to agree with the impedances for a 
dielectrically loaded structure. In practice, the values obtained may not 


be physically possible since M is limited by the values of L, and L,. It 


should be noted that in the loaded structure, the value of ee 
upon the physical characteristics of the coupled sections. and is not an 
independent quantity. 

The resonant frequency of a region is obtained by equating 
the sum of the impedances round a closed loop to zero, 


Thus from Fig. 21 (c), for region (1), we have: 


j2,sin26, - j,2,2#,c0t® ,coté, ay, 
zZ,cot 6,+ Z,coté » 
Simplifying, we have: 
z, 
ai tp peed BD 93 
tan @ ,tane 9 Z Los) 


The solution of this equation defines a frequency W,- 


Similarly, for region (2), we have: 


tang ,tan@, = —z (94) 


Which defines W,- 
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h 
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e cavities and the dielectrically loaded 


mig, 21: The equivalent circuits of th 
(a) to (c) is for the wave guide, and (d) to (e) is for 


wave guide. 
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The dielectrically loaded structure may therefore be 


considered as a doubly periodic structure whose cavities have resonant 


frequencies W, and W, The results obtained in Chapter I11 indicate 
that for either of these frequencies, TC -mode will occur. for a 
confuence at the IU -mode we must have WW. and hence Z,,- This 


is in precise agreement with the results of Walker and West (3), who 
obtained equations (93) and (94) by a different method. 

The theory of coupled cavity chains may therefore be 
used to predict some of the properties of a loaded wave guide. The 
analogy is ,however, not exact. Since the values of L and C that represent 
the wave guide depend on frequency, the results of Chapter I11 cannot 
be used to predict the group velocity. For the same reason, the 
dielectrically loaded guide has infinitely many pass bands while a 


coupled cavity chain has only two. 
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CONCLUSION 


In this work, a simple model for a chain of coupled 
cavities has been investigated, The parameters that describe the 
model are assumed to vary slowly with frequency so that they can be 
taken as constant in the vicinity of the operating frequency. This 
approach holds true,only as long as the coupling mechanism introduces 
a small perturbation on the field in each cavity. 

An investigation of the singly periodic structure 
shows that it has only one pass band. The phase shift varies between 
zero and YT. and at both of these limits the group velocity is zero. 
When operated at the IT /2-mode ywith a short circuit termination, the 
currents in the even cavities have the same magnitude. while the 
currents in the odd cavities are zero, When the structure is arranged 
as in Fig. | (a), the even cavities simulate a TC -mode operation. 

Losses introduced into the structure will affect the 
currents in the cavities. Odd cavities will have a current proportional 
to the losses,while the amplitude of the currents in even cavities are 
only slightly affected. In generai, the dispersion curve will be steeper 
when losses are introdused; in particular, the dispersion curve will be 
most affected at the end points, zero and TT. 

The doubly periodic structure investigated consists of 
two types of cavities, ]heseare identified by their resonant frequencies, 
W and Wa it was found that for a lossless structure there are two pass 
bands covering the range 0 to JU and f€to 21 . The stop band at 
(V=T ) covers the range of frequency between W, and W,. If the 
cavities are made identical, the stop band disappears and the doubly 


periodic structure reduces to singly periodic structure with a W272 


aN ray re 


svi Oe ae na 


| siete ORM Ih bf eveeoe ee ie 
bshqueds Xo nies 6 wr? isbom shamie ; savior 
‘orf edii226b pedd a1steme 769 ‘edt cucaieds nee 

sd peo yeds todd oz _yanaupe7? ritiw viwole viev om be ’ 
2idT .ysteuper4 pri tensqo. At viinisiv ont: ai sna 
2g0ubor130! meinesigam eat tquos atid) ae phot 26 a sore 
| etives Nose nl Sfeit ort no” 60 m1 : 

guitare Sibelsen vigntz eth Fo nai isepivasvnl tel 
neewied esirey. dtine ‘seeda aay ,oned 226q ono vine @ ot 30-4 
ores at yti20! ov quoi oft 23 imil ‘geadi Fo Ate! te 6. “a r 
Shy MOiteniniss tivoris J ore 6 A Iwesbion ne S\ FU. oft 98 bi peter 
sit slidw sbutinpem emse os sh 202169 neve 9 


: bepnei16 2) swisuisa sx nodW oles 646 20) 3ivga bho + 


= ar va 
iy 


,nobtsrsqo sbom- FT « stelumie 2ertd VSD nsver sat. 


sdi- tostts Fitw swwidou71se sanz osm peer eaeeod: 
2 
fendissogong treo 6 eyed Iliw esitives bbO amr ive 


* c 
aki 


16 esltives neve ni 2inaiws siz to bust igme ony tid iy 
weqsese sé Mliw aw inolarsqe\ edd (large 32 ul be) é nee rf 


wei iad / : 
| jit ae 
ed Tiiw evs nolaregel b 33 relendaen rt 7b. tot 2 


2 jutanaune+t s$neqo25" tiers ¥d bs) atdambh) 518.3694 

226q OW} O16 eros biutouIte 2eshedol s OT tsi 

te bred’ goze eft =, JIS 03 Th ete a3 a a 
‘gt F1 <u bas, (MW nsewsed yousuppnt 6) IPS 

— ¥iduob siz phe stwhinraphtih baad qabe. li 


EN i 6 ‘Ti SWIsUse sibel aa! ‘pint bie 


Dot 
rh yeeane arn ye j 
aa aid ae . 


Page 55 


phase shift per cavity. Thus "T-mode operation in a doubly periodic 
structure is equivalent to YTV /2-mode operation in a singly periodic 
structure. Losses introduced into the doubly periodic structure wil] 
close the stop band and the TT -mode will now occur at only one 
frequency. ‘This frequency lies between W and W,, and is closer to the 
resonant frequency of the more lightly loaded cavity. In particular, 
if the coupling cavities are lossless, the T\ -mode frequency will be 
the resonant frequency of the coupling cavities even if the accelerating 
cavities are only slightly loaded, 

Nagle (II) has shown that in a lossless doubly periodic 


structure yp = will occur at W, and W., a result which has been 


confirmed. However, if the aden, Wes are fs.f91 the TC - mode can 
only be obtained at one frequency, which will be near to the resonant 
frequency of the lightly loaded coupling cavities. 

Effects of losses on the rest of the dispersion curve are 
similar to the singly periodic case. The currents in the cavities are 
similar to those in the singly periodic case. When losses are introduced 
into either the coupling cavities or the accelerating cavities, then a 
current is produced in the odd cavities. 

An exact equivalent circuit of a dielectrically loaded 
wave guide was found. A comparison between the equivalent circuit of 
coupled cavities and a dielectrically loaded wave guide showed that the 
air region and the dielectric regions in the wave guide may be considered 
as the accelerating and coupling cavities respectively. 

Although many of the properties of the two systems are 
similar, the analogy is not exact. As already stated, the coupled circuit 
model for the cavity chain only applies when the coupling is small. The 
field pattern in each cavity is then independent of the field in adjacent 
cavities. In the dielectrically loaded wave guide the field in each 


region can only be determined with reference to the whole structure. 
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